A growing number of in vivo experiments shows that high frequency bursts of action potentials can be recorded in thalamocortical neurons of awake animals. The mechanism underlying these bursts, however, remains controversial, because they have been proposed to depend on T-type Ca 2؉ channels that are inactivated at the depolarized membrane potentials usually associated with the awake state. Here, we show that the transient potentiation of the T current amplitude, which is induced by neuronal depolarization, drastically increases the probability of occurrence and the temporal precision of T-channel-dependent high frequency bursts. The data, therefore, provides the first biophysical mechanism that might account for the generation of these high frequency bursts of action potentials in the awake state. Remarkably, this regulation finely tunes the response of thalamocortical neurons to the corticofugal excitatory and intrathalamic inhibitory afferents but not to sensory inputs.
A n increasing number of in vivo extracellular recordings have shown that both single action potential (AP) and highfrequency bursts of APs are elicited in thalamocortical (TC) neurons of awake animals (1) (2) (3) (4) (5) . Although these high frequency bursts represent a small fraction of the whole TC neuron output, they preferentially occur in response to stimuli of peculiar significance, such as natural scenes (6, 7) , and may therefore participate to thalamic sensory processing (8) . These extracellularly recorded bursts are preceded by a period of silence lasting at least 50-100 ms, and consist of three or more APs with an interspike interval Յ4 ms that increases as the burst progresses (1) (2) (3) (4) (5) . This temporal structure is highly reminiscent of the well known firing pattern evoked in TC neurons by the slow depolarizing waveform called the low-threshold spike (LTS) [three to five spikes at 250-400 Hz preceded by an silent interval Ͼ50 ms (9) ]. Indeed, recent intracellular recordings obtained in lightly anesthetized cats has directly indicated that the high frequency bursts that occur during visual processing are underlaid by LTSs (10) .
However, extensive in vitro characterization of the low-voltage activated T-type Ca 2ϩ channels that underlie an LTS (11, 12) has clearly indicated that these channels are fully inactivated in the range of membrane potentials believed to be associated with the wake state (13) and require substantial and prolonged hyperpolarization to de-inactivate [800-ms hyperpolarization to Ϫ100 mV to fully recover from inactivation (14) ]. Therefore, the mechanisms that allow the expression of a physiologically significant T current (IT) during wakefulness remain controversial (13) . Three possibilities exist that may reconcile the in vivo and in vitro data: (i) the high frequency bursts observed in vivo are not generated by IT, (ii) the voltage dependence of T channel inactivation is different in the awake state from that in vitro because of an as yet unknown modulation by transmitters or other exogenous substances, and (iii) some regulation boosts the amplitude of the IT generated at depolarized membrane potentials.
Recently, we demonstrated that, in sensory TC neurons, IT amplitude can be transiently potentiated by a phosphorylation mechanism, which exclusively occurs when the channels are inactivated, i.e., after a period of neuronal depolarization (14) . Here, we systematically studied in vitro how this IT potentiation affects high-frequency burst output of TC neurons, using both direct current injection and synaptic potentials. We show that the IT regulation drastically enhances the probability of LTSs generation and increases the temporal precision of the associated APs firing, when few T channels are available for activation. Remarkably, after periods of depolarization similar to those occurring in the wake states, IT potentiation directly shapes the TC neuron response to the activation of the feedback corticothalamic excitatory and intrathalamic inhibitory inputs but not to feed-forward sensory afferents.
Results

Kinetics and Temporal Precision of the Burst Are Determined by IT
Potentiation. We will first summarize the relationships of IT potentiation with the voltage dependence and kinetics of the T channel inactivation, because these features are essential for a full understanding of the experimental protocol used in this study. As described in ref. 14, IT potentiation involves a nonclassical ATP-dependant mechanism that ''phosphorylates'' the channels according to their conformation. The phosphorylation occurs when the channels are inactivated and is slowly removed when they recover from inactivation and remain in closed states. Therefore, this mechanism displays the same voltage dependence as the steady-state inactivation of the channel, and the fraction of phosphorylated channels is directly under the control of the membrane potential [supporting information (SI) Fig. S1 ]. At depolarized potentials, the T channels are both inactivated and phosphorylated, and, upon hyperpolarization, the balance between the kinetics of the dephosphorylation and the deinactivation determines the amplitude of the current that can be evoked. (Fig. S1) . Therefore, to assess how IT potentiation affects the LTS, we used conditioning prepulses of various durations and/or amplitudes to control both the inactivation and potentiated states of the T channel population. Because these conditioning prepulses differently activate the h current (Ih), isolation of the effect of IT potentiation on the LTS generation was obtained by adding the Ih blocker ZD7288 (50 M) to the perfusion medium. The conditioning prepulses were performed in voltage-clamp mode to ensure an accurate and reproducible control of the channel state. The amplifier was then switched to current-clamp mode to allow the membrane to repolarize and generate a LTS.
We first compared LTSs generated upon repolarization after a transient hyperpolarization that induced the recovery from inactivation of the whole T channel population. The phosphorylated states of the channels were controlled by using conditioning 10-s prepulses at various potentials (from Ϫ100 to Ϫ60 mV). The latency of LTSs generated by using the more depolarized prepulses, i.e., underlied by a larger proportion of T channels in a potentiated state, is systematically shorter than that of LTSs generated by using more hyperpolarized prepulses (Fig. 1A) . Quantification shows that the time laps between the repolarization onset and the first AP follows the same voltage dependence as IT potentiation (compare with Fig. S1 ), and that the latency of the LTS onset decreases by 30% when the channel population is fully phosphorylated (Fig. 1 A2) . Controlling the potentiated state of the T channels with hyperpolarizing prepulses at Ϫ100 mV of various durations (0.8 to 10 s at Ϫ100 mV) produced similar results (Fig. S2) . To confirm that these effects were due to the modulation of IT amplitude, the same protocols were repeated in presence of Ni 2ϩ . As shown in Fig. S3 , no modification in the repolarizing rate and amplitude variation of the membrane potential was observed after long or short hyperpolarizing prepulses when IT was fully blocked (n ϭ 3). Therefore, this set of experiments clearly demonstrates that the generation of APs by an LTS occurs with a shorter delay when the T channels are in the potentiated state.
Interestingly, superimposition of LTSs evoked in the same cell in conditions of maximal and minimal IT potentiation (conditioning prepulses to Ϫ100 mV of 0.8 and 10 s, respectively) also revealed a drastic reduction in the variability of the LTSs latency when the T channels were in the potentiated state (Fig. 1B) . Similar analyses performed in 12 cells indicate that IT potentiation induces a 41 Ϯ 10% reduction of the standard deviation of the first AP latency (11.5 and 6.7 in nonpotentiated and potentiated states, respectively). Therefore, generation of APs by an LTS occurs not only with a shorter delay but also with a greater temporal precision when T channels are in the potentiated state. As illustrated in Fig. 1B2 , however, the number of APs generated by the LTSs (1-5 APs, n ϭ 21) and their firing frequency (250-350 Hz, n ϭ 13) was surprisingly not modified (Student paired t test, P Ͼ 0.4), suggesting that IT potentiation does not affect the LTS amplitude and duration in conditions where the whole T channel population has recovered from inactivation. This lack of effect was confirmed by recordings obtained in the presence of TTX, which show similar amplitude of LTSs evoked after 0.8 and 10 s conditioning prepulses to Ϫ100 mV (mean values of the maximal membrane potential reached during the LTS: Ϫ42.0 Ϯ 6.5 and Ϫ42.5 Ϯ 6.5 mV for 0.8-and 10-s prepulses, respectively, n ϭ 12) (Fig. 1B3 ).
Interplay Between IT and K ؉ Currents Constrains the Effects of the T Current Potentiation. The peak potential reached by an LTS is mainly controlled by the depolarizing IT and the repolarizing K ϩ currents present in TC neurons (15) . Using a pharmacological approach, we investigated how activation of the K ϩ currents may explain why an enhanced IT does not systematically increase the amplitude of the evoked LTS. After the block of the Ca 2ϩ -activated K ϩ conductances (IK Ca2ϩ ) with low doses of 4-AP (0.1 mM) and TEA (0.5 mM), IT potentiation does have a small but clear effect on the LTS amplitude ( Fig. 2A) , suggesting that the larger Ca 2ϩ influx due to IT potentiation recruits more IK Ca2ϩ channels that, in turn, limit the effect of the increase in IT on the LTS amplitude. The lack of effect of apamin (300 nM) (Fig. 2 A2) suggests that SK channels are not involved in the control of the LTS amplitude. Thereafter, we investigated the impact of the transient K ϩ type A current (IA) that, because of its voltage range of activation and its fast kinetics, is considered a major contributor to the LTS waveform (16) . However, because the block of IA requires high doses of 4-AP that in turn induce the generation of high-threshold calcium spikes (data not shown), we performed a theoretical analysis based on a mathematical model. The model combines the IT, IA, Ih, and leakage current, whereas the currents involved in the generation of the AP were not included. Using brief transient hyperpolarizations that deinactivate different fractions of T channels to evoke an LTS, our model shows that the depolarizing level of the LTS reaches its maximum with 400-ms hyperpolarizing prepulses, although IT amplitude continuously increases with up to 1-s hyperpolarizing prepulses when full recovery from inactivation is achieved (Fig.  2B , black traces). The unexpected limit in the LTS amplitude is an indirect consequence of the acceleration in the LTS rise time associated with the larger IT. Indeed, this acceleration induces an increase in IA, the amplitude of which is especially sensitive to the rate of depolarization because of its activation and inactivation kinetics. Therefore, for hyperpolarizations longer than a few hundred milliseconds, a balance between the increase in IT and IA is reached, which precludes any modification of the LTS amplitude. When this balance is reached, multiplying IT amplitude by 1.5 to mimic the effect of the potentiation of the (A) Prepulses, ranging from Ϫ60 to Ϫ100 mV, were applied to bring different fractions of T channels in the potentiated state. LTSs were thereafter evoked in the current-clamp mode at the offset of a 800-ms hyperpolarization to Ϫ100 mV that induces a complete recovery from inactivation of the T channels. (1) As illustrated by the superimposed LTSs evoked in a TC neuron submitted to prepulses at Ϫ60, Ϫ70, Ϫ75, Ϫ80, Ϫ90, and Ϫ100 mV, the shortest latency of the LTS onset (delay between the repolarization onset and the first AP) is observed after the more depolarized prepulse that induces a maximal IT potentiation. (2) The graph presents the mean increase in latency as a function of the prepulse potential (n ϭ 6). (B) (1) Superimposed LTSs evoked in a TC neuron, using either 0.8-s (10 gray traces) or 10-s (10 black traces) hyperpolarization at Ϫ100 mV that bring the whole T channel population in a potentiated or nonpotentiated state, respectively. Note the higher temporal precision of the LTSs when T channels are potentiated. (2) Traces presented at a faster time base illustrate the similar number and frequency of APs in both conditions. (3) The 10 superimposed traces, obtained in presence of 1 M TTX, illustrate the lack of effect of IT potentiation on the amplitude of the LTSs generated when the whole T channel population is available for activation.
channels does not affect the LTS amplitude (Fig. 2B , gray traces). However, the model predicts that when submaximal LTSs are generated after hyperpolarizations shorter than a few hundred milliseconds, IT potentiation should drastically control both the amplitude and kinetics of the LTS (Fig. 2B) .
Effect of IT Potentiation Is Maximal When a Small Number of T
Channels Are Available or Activated. To test this prediction, rebound LTSs were evoked by short (50-500 ms) hyperpolarizations to Ϫ80 mV, thus allowing only part of the channel population to recover from inactivation. These protocols were preceded by conditioning prepulses to Ϫ100 mV of either short (0.8-s) or long (10-s) duration that led the whole T channel population into potentiated or nonpotentiated closed states, respectively, followed by a depolarization to Ϫ50 mV that was sufficiently long to induce a complete inactivation of the channels without affecting their potentiated/nonpotentiated states [ inact ϭ15 ms; potentiation-on ϭ 384 ms; potentiation-off ϭ 2.6 s (14)].
As expected from the simulation, the effect of the potentiation is maximal when only a small proportion of the T channel population is available to generate the LTS (Fig. 3A1) . Indeed, the channel potentiation clearly increases the amplitude of LTS evoked after hyperpolarizations Ͻ200 ms, and this effect is associated to a drastic acceleration in the onset kinetics. Therefore, as shown in Fig. 3A 2 and 3, the effects on both the LTSs amplitude and kinetics of IT potentiation are inversely related to the duration of the preceding hyperpolarization, i.e., the amount of T channels available for activation, reaching a minimum Ϸ200 ms. Because the impact of the potentiation appears more pronounced in conditions where a small IT is evoked, we hypoth- Black and gray traces were obtained when simulating nonpotentiated or potentiated T channels, respectively. Simulation shows that the amplitude of the LTSs generated with hyperpolarizations Ͼ400 ms reaches a maximum that is insensitive to any enhancement of IT because this increase is matched by a parallel increase in IA. The effects of IT potentiation depend on both the number of activated channels and on the properties of the activating stimulus. (A) In the presence of TTX, conditioning prepulses to Ϫ100 mV were used to set the whole T channel population either in a potentiated (800 ms; gray traces) or nonpotentiated closed state (10 s; black traces). Channels were thereafter inactivated at Ϫ50 mV for 100 ms. 1. Rebound LTSs were evoked on the offset of variable transient hyperpolarizations to Ϫ80 mV (⌬T) that induce partial recovery from inactivation. When submaximal LTSs were evoked with hyperpolarizations Ͻ200 ms, IT potentiation effect was maximal and affected both the amplitude and the kinetics of the LTSs. The graphs in 2 and 3 present the mean effects of IT potentiation on the amplitude and kinetic of the LTSs (n ϭ 6 cells) as a function of the duration of the transient hyperpolarization. (B) (1) Using a protocol similar to that in A, LTSs were evoked after a 300-ms hyperpolarization at Ϫ80 mV by current injection (I inj) of variable intensities. Traces show that IT potentiation effect on the LTSs onset kinetics decreased when the intensity of I inj was increased and finally disappeared for strong initial depolarisation (I inj ϭ 120 pA). Conversely, when a minimal current injection (I inj ϭ 12 pA) was used, an LTS was only evoked when T channels were in the potentiated states. (2) In this neuron, the graph at Left presenting the LTSs latency as a function of I inj shows that with injections smaller than 16 pA (vertical line), LTSs were only evoked when T channels were potentiated. For seven cells, the mean decrease in latency (normalized to the latency duration of the LTS evoked with nonpotentiated T channels) is plotted at Right as a function of I inj (normalized to the minimal value that evoked an LTS in both channel conditions).
esize that, regardless of the amount of T channels available for activation, IT potentiation should more strongly affect the neuron excitability when a weak depolarization opens few channels and evokes a small initial current. To test this hypothesis, LTSs were evoked by depolarizing a TC neuron to different potentials. Before these depolarization, 300-ms hyperpolarization to Ϫ80 mV, mimicking the hyperpolarization that physiologically occur in TC neurons (17) , were applied to induce recovery from inactivation of a large fraction of the T channel population. As shown in Fig. 3B , when the LTS was triggered by a large current injection that induced a massive opening of the T channel population, no effect of the potentiated/nonpotentiated states of the channels was observed on the LTS generation (Fig. 3B1, 120 pA) . However, when the strength of the current injections was progressively reduced, the impact of the potentiation on the LTS onset kinetics was dramatically increased. Finally, with minimal current injections (Fig. 3B1, 12 pA), LTSs were only generated when the T channels were potentiated. These results show that when an initial depolarization only recruits a few channels, IT potentiation occurring in this small number of channels drastically affects both the probability to trigger an LTS and the duration of the first slow-depolarizing phase of the LTS. However, when the number of channels that are opened by the initial depolarization is large enough to suppress this slow-depolarizing phase, IT potentiation has no effect on the LTS generation.
Therefore, IT potentiation directly determines the triggering threshold of the LTS, i.e., the minimal depolarization required to evoke a full blown LTS. Moreover, it controls both the amplitude and kinetics of the LTS, and these effects do not only depend on the number of activated channels but also on the characteristics of the stimulus activating the channels. Because a larger modulation is observed in conditions where only a few channels are available for activation and/or after weak depolarizations, IT potentiation seems ideally suited to tightly control the physiological responses of the TC neurons to small postsynaptic potentials, both inhibitory and excitatory.
IT Potentiation Finely Tunes the TC Response to the Excitatory Cortical Feedback and Inhibitory GABAergic Afferents but Not to Sensory
Inputs. In TC neurons, short hyperpolarizations are typically induced by the brief bursts of GABAergic postsynaptic potentials originating from the NRT (17). Using similar protocols as those used above to maintain the T channel population either in the potentiated or the nonpotentiated states, local electrical stimulation of the afferent NRT fibers was performed to elicit composite GABAA/B inhibitory postsynaptic potentials (IPSPs) of different durations and amplitudes (17) . When largeamplitude long-duration (Ͼ150 ms) IPSPs are evoked, IT potentiation has a drastic effect on the latency of the burst of APs but does not modify their number and frequency (Fig. 4A , four stimuli at 100 Hz). However, when large-amplitude IPSPs with shorter durations or smaller-amplitude IPSPs are generated by reducing the number of stimuli, IT potentiation boosts the amplitude of the rebound LTS and increases its probability to fire APs (Fig. 4A , one and two stimuli, respectively, n ϭ 12). To check whether Ih activation counteracts the effect of IT potentiation on the rebound LTS, similar protocols were performed in the absence of ZD7288 or using the dynamic-clamp technique to introduce a simulated Ih conductance. As shown in Fig. S4A , similar results were obtained in the absence and in the presence of Ih. We conclude that IT potentiation that occurs at depolarized membrane potential actually facilitates the TC bursting activity driven by the NRT input. These effects are tightly dependent on the IPSPs temporal summation and therefore, IT potentiation participates to the fine tuning of the TC response to high frequency NRT neuron firing.
LTSs triggered by glutamatergic excitatory postsynaptic po- tentials (EPSPs) also occur during tonic or transient hyperpolarization (17) . The two main excitatory pathways that converge on TC neurons, i.e., the sensory input and the corticothalamic feedback, generate very different glutamatergic EPSPs (18) . In our conditions, minimal stimulation of the internal capsula to activate the corticothalamic fibers elicited typical corticothalamic EPSPs of small amplitude characterized by a slow rising phase and the presence of a robust frequency-dependent facilitation (19) . To analyze the effect of IT potentiation, trains of two to six stimulations were applied at frequencies ranging from 10 to 200 Hz. Such stimulations were delivered after a 300-ms period at Ϫ80 mV after conditioning prepulses similar to those presented in Fig. 3 to induce either the potentiation or the depotentiation of the T channels. At low frequencies of stimulation (20-50 Hz, n ϭ 6) temporal summation of the EPSPs generates a slow depolarizing waveform and IT potentiation clearly sets the LTS triggering-threshold in response to this input. In this range of frequencies, LTSs could be evoked either at a lower stimulating frequency or with fewer stimuli at a given frequency when the T channels were in the potentiated rather than in the nonpotentiated states. For example, in Fig. 4B1 , the summation of the 4 EPSPs evoked at 33 Hz exclusively triggered a LTS when the T channels were in the potentiated state. With slightly higher stimulation frequency (50 Hz) (Fig. 4B1) , the LTS triggering-threshold is reached in both conditions but IT potentiation remarkably boosts the LTS amplitude and thus conditions the APs generation. At higher frequencies (50-200 Hz, n ϭ 6; see 100 Hz in Fig. 4B1 ), an LTS of maximal amplitude is already evoked by 4-6 EPSPs in condition of nonpotentiated T channels, and the effect of the potentiation is restricted to the acceleration of the onset kinetics. This effect becomes minimal with the fastest depolarizing slope induced by the highest stimulating frequency (200 Hz) (Fig. 4B1 ) that massively recruits the T channels, as predicted by the current injection experiments (Fig.  3B ). As shown in Fig. S4B1 , similar results were obtained in the presence of Ih. We conclude that because corticothalamic EPSPs are small amplitude and slow rising synaptic events, the probability for these synaptic inputs to evoke a LTS, and the kinetics and the amplitude of the LTS, are finely controlled by IT potentiation according to the EPSPs number and frequency. Thus, IT potentiation finely tunes APs generation evoked by the corticothalamic feedback, controlling both TC neuron excitability and output timing. In contrast, stimulations of lemniscal fibers never revealed any effect of the IT regulation on either the amplitude or the kinetics of the LTSs evoked by the sensory EPSPs, and therefore on the latency of the first AP (Fig. 4B2a and Fig. S4B2 ). In our recording conditions, a single minimal stimulation of the sensory lemniscal pathway always evokes large-amplitude and fast-rising EPSPs. As predicted by the current injection experiments (Fig.  3B) , the massive opening of T channels by large-amplitude EPSP generates LTS that lacks the first slow depolarizing phase and is insensitive to IT potentiation (n ϭ 11). As a control experiment, the effect of IT potentiation on the rebound LTS was tested in the same cells (Fig. 4B2b) . In three cells, increasing the stimulation frequency (up to 200 Hz) clearly demonstrates that, when it occurs, the AP closely follows the lemniscal EPSP regardless of the potentiated/nonpotentiated states of the T channels (Fig.  4B2a) . Furthermore, the sensitivity of the lemniscal response to IT potentiation was also tested in a condition where a reduced amount of channels had recovered from inactivation before the sensory EPSP was generated. Decreasing the duration of the hyperpolarizing prepulse from 300 to 30 ms in three cells never revealed an effect of IT potentiation on the LTS timing or associated firing evoked by lemniscal EPSPs (Fig. 4B2c) . Thus, in our recording conditions the timing between the sensory input and associated AP is remarkably robust and unaffected by IT potentiation.
Discussion
The main finding of this study is that IT potentiation that occurs when T channels are inactivated is a strong candidate pathway for the occurrence of the LTS-dependent high-frequency bursts of APs that are observed in TC neurons of awake animals. In particular, IT potentiation: (i) dramatically increases the bursting probability in condition where LTS generation is especially unfavorable, i.e., when few T channels are available for activation; (ii) directly defines the LTS triggering-threshold, i.e., the minimal depolarization requires to evoke a full blown LTS; (iii) decreases the delay and enhances the temporal fidelity of the high-frequency burst response; and (iv) provides a fine tuning mechanism to corticothalamic EPSPs and NRT IPSPs but not to sensory EPSPs.
A simple intuitive process cannot predict the impact of IT potentiation on the LTS because the interplay between the depolarizing IT and the repolarizing K ϩ conductances tightly constrains the conditions where an increase in IT amplitude is mirrored by an increase in the LTS amplitude. As a consequence, modulation of the LTS amplitude, and consequently of the AP firing elicited by an LTS, occurs when a small fraction of the channel population has recovered from inactivation, as after brief physiological hyperpolarization due to inhibitory synaptic events (20) . In addition, the impact of IT potentiation also depends on the triggering event. The small initial IT evoked by weak depolarization induces further depolarization that open additional T channels through a positive feedback mechanism. In this condition, potentiation of the current flowing through the progressively recruited channels drastically accelerates this slowdepolarizing phase and the LTS onset kinetics. Conversely, when LTSs are triggered by large depolarization that induce a massive opening of the T channel population, the first slow-depolarizing phase is suppressed and IT potentiation has almost no effect on the LTSs kinetics.
These basic properties fully explain the differences in TC bursting responses that we observed after activation of the lemniscal sensory input and the corticothalamic feedback. The modulation of the LTS amplitude observed after stimulations of the cortical afferents is nevertheless puzzling because stimulations were applied after a 300-ms hyperpolarization that should de-inactivate a sufficient amount of T channels to generate LTSs of maximal amplitude regardless of the potentiated/nonpotentiated state of the channels (see Fig. 3 ). However, during the slow ramp-like depolarization due to the summation of the corticothalamic EPSPs, an additional channel inactivation occurs (21) that may be sufficient to allow the control of the LTS amplitude and its associated firing.
Considering the specific expression of IT potentiation in the primary sensory TC neurons (14) , it is tempting to suggest that it plays a key role in the processing of the sensory information. Indeed, in lightly anesthetized and awake animals, burst firing that effectively transmits peripheral information to the cortex is present in TC cells (1, 5) . These bursts are always preceded by a period of silence lasting at least 50-100 ms (22) that suggest the occurrence of hyperpolarizing events required to deinactivate the T channels. As we show, using both current injection and stimulation of inhibitory inputs, such hyperpolarization duration would be fully within the range where IT potentiation tightly controls the LTS amplitude and, therefore, the bursting probability.
Because sensory EPSPs are fast rising and large synaptic events in vitro (18, 23) , IT potentiation does not affect the bursting probability in response to lemniscal input in our recording conditions and this may seem at odd with its potential role in sensory processing. However, pure isolated sensory EPSPs should seldom occur in vivo because of the activation of multiple whiskers (24, 25) , the recruitment of the feedback thalamic inhibitory and corticothalamic pathways, and the mod-ulatory brainstem afferents (19) . Therefore, although IT potentiation is unlikely to affect the burst directly generated by large sensory EPSPs, its effect on the integration of the sensory input may be more complex when one considers the full dynamic of the thalamocortical network during sensory processing. Indeed, the long and variable delay between the sensory stimuli and the occurrence of the burst recorded in vivo (1-5) does not allow to make firm conclusions about the nature of the synaptic inputs that trigger bursting in awake animal and numerous evidences suggest that activation of the corticothalamic feedback is essential for burst firing in TC neurons. Indeed, background synaptic events originating from the cortex change the transfer function of the TC neurons in lateral geniculate nucleus slices, mixing single APs and bursts at all membrane potentials (26) . Furthermore, the bursting activity of the ventrobasal neurons in alert rats is mainly associated with the whisker twitching behavior that disappears during cortical inactivation (2), and focal pharmacological enhancement of the activity of visual cortex layer VI neurons induces an increase in the burst to tonic ratio of TC neurons (27) . Therefore, the marked impact of IT potentiation on the generation of the LTS by the corticothalamic EPSPs could be a key element controlling the bursting activity during sensory processing.
Materials and Methods
Electrophysiology. Horizontal thalamic slices containing the ventrobasal nucleus and the nucleus reticularis (300 M) were prepared from Wistar rats (PN 14 -19, details are presented in SI Text).
Slices were perfused at 32°C with a medium containing 125 mM NaCl, 2.5 mM KCl, 2 mM CaCl 2, 1 mM MgCl2, 1.25 mM NaH2PO4, 26 mM NaHCO3, and 25 mM glucose. Whole-cell patch recordings of TC neurons were made by using a Cairn Optopatch and Axograph software, Version 4.9. Filter and acquisition frequencies were set at 2 and 10 kHz, respectively. Neurons were first submitted to conditioning prepulses delivered in the voltage-clamp mode before instantaneously switching to the current-clamp mode.
Electrodes were filled with 140 mM methanesulphonate, 0.1 mM CaCl 2, 5 MgCl 2, 1 mM EGTA, 10 mM Hepes, 4 mM Na-ATP, and 15 mM phosphocreatine and 50 units/ml creatine phosphokinase (pH 7.3) 290 mOsm. Only data obtained from pipettes with access resistances of 9 -13 M⍀ with Ͻ30% change during the experiment were included. When necessary, 1 M tetrodotoxin (TTX; Tocris) was added to the extracellular medium, and K ϩ conductances were blocked with Tetra-Ethyl-Amonium Chloride (TEA; Sigma) and 4-aminopyridine (4-AP; Sigma).
The stimulating electrode, consisting of a glass pipette filled with the extracellular medium, was positioned 25 to 60 m from the recorded neuron to evoke IPSPs, in the medial lemniscus to evoke sensory EPSPs or in the internal capsule to evoke cortical EPSPs. Isolation of GABAA IPSPs and glutamatergic EPSPs was obtained by adding to the perfusion medium 50 M DL-APV (Fluka) and 10 M CNQX (ICN) or 1 M SR95531 (Sigma), respectively. Quantitative data are given as mean Ϯ SD.
Model. Simulations were performed under the Neuron 5.8 environment (28) .
The current balance equation is:
where Ileak is the leakage current, Ielec is the current injected, V is the membrane potential, and C ϭ 290 pF is the total capacitance. IT was simulated by using a multistate Markov model (29) . Simulations were successively performed assuming the whole T channel population either in a potentiated or a nonpotentiated state. To established these conditions, the maximum Ca 2ϩ permeability was alternatively set to 1.38 ϫ 10 Ϫ4 cm/s and 2.2 ϫ 10 Ϫ4 cm/s to generate a 1.5 difference between nonpotentiated and potentiated IT amplitude respectively in the Goldman-Hodgkin-Katz equation. A previously introduced Hodgkin-Huxley-like model (15, 21) was used to simulate IA (maximal conductance ϭ 6.9 10 6 nS/cm 2 ) and Ih (maximal conductance ϭ 1 10 5 nS/cm 2 ), and the leakage current was modeled by the sum of a Na ϩ (maximal conductance ϭ 9.14 10 3 nS/cm 2 ) and K ϩ (maximal conductance ϭ 24 10 3 nS/cm 2 ) current. A detailed description of the model is presented in SI Text.
